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In Brief
Recruitment of Mad1:Mad2 complexes to
unattached or misaligned kinetochores is
a key step in generating the checkpoint
signal that inhibits anaphase onset. Silio´
et al. show that human kinetochores
utilize at least two different pathways to
recruit Mad1:Mad2 complexes and that
these pathways respond to distinct
kinetochore-microtubule attachment
problems.
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The spindle assembly checkpoint (SAC) ensures the
accurate segregation of sister chromatids during
mitosis. Activation of the SAC occurs through a
series of ordered molecular events that result in
recruitment of Mad1:Mad2 complexes to improperly
attached kinetochores. The current model involves
sequential phospho-dependent recruitment of Bub3:
Bub1 to KNL1 followed by binding of Mad1:Mad2 to
Bub1. Here, we show in non-transformed diploid hu-
man cells that the KNL1-Bub3-Bub1 (KBB) pathway
is required during normal mitotic progression when
kinetochores are misaligned but is nonessential for
SAC activation andMad2 loading when kinetochores
are unattached from microtubules. We provide evi-
dence that the Rod-ZW10-Zwilch (RZZ) complex is
necessary to recruit Mad1:Mad2 to, and delay
anaphase onset in response to, unattached kineto-
chores independently of the KBB pathway. These
data suggest that the KBB and RZZ complexes
provide two distinct kinetochore receptors for
Mad1:Mad2 and reveal mechanistic differences be-
tween SAC activation by unattached and improperly
attached kinetochores.
INTRODUCTION
A remarkable and universal feature of mitosis is the imposition of
a delay in anaphase onset (physical segregation of sister chro-
matids) until all sister kinetochores have formed stable attach-
ments to the mitotic spindle (for review, see Foley and Kapoor,
2013; London and Biggins, 2014b; Stukenberg and Burke,
2015). This ensures that daughter cells receive a complete set
of chromosomes and avoids loses and gains that are associated
with cancer progression and multiple developmental syn-
dromes. The mechanistic basis of these events is the spindle as-
sembly checkpoint (SAC), a signaling system that is activated
when kinetochores are incorrectly attached (or unattached) to
spindle microtubule plus ends. The output of the SAC is a diffus-
ible signal that inhibits the anaphase-promoting complex/cyclo-
some (APC/C; Hwang et al., 1998; Kim et al., 1998). SAC
signaling is extinguished once all sister kinetochores are bi-
oriented; namely, that both sister chromatids are attached to mi-
crotubules emanating from opposite spindle poles and aligned600 Developmental Cell 35, 600–613, December 7, 2015 ª2015 Elsevat the spindle equator. Recent work has confirmed that single
unattached kinetochores are capable of delaying anaphase
onset, although the persistence of the arrest is dependent on
both the number of signaling centers (kinetochores) and their in-
dividual strength (amount of Mad2 loaded; Collin et al., 2013;
Rieder et al., 1995).
Experiments in yeast have provided key insight into how spin-
dle checkpoint signaling is initiated at kinetochores. This relies
on the phosphorylation of threonine residues in multiple repeti-
tive motifs (MELT) in the kinetochore protein KNL1 (also known
as CASC5 and BLINKIN [human], Spc7 [fission yeast], and
Spc105 [budding yeast]) by the Mps1 protein kinase, which cre-
ates a binding site for the Bub3:Bub1 complex (London et al.,
2012; Primorac et al., 2013; Shepperd et al., 2012). Phosphory-
lation of the central non-catalytic region of Bub1 by Mps1 pro-
motes the association of Mad1:Mad2 complex to Bub1(Heinrich
et al., 2014; London and Biggins, 2014a). Once bound to kineto-
chores, the Mad1:Mad2 complex catalyzes the conversion of
soluble Mad2 (O-Mad2) into a form (C-Mad2) that binds both
Cdc20 and Bub3/BubR1 to form themitotic checkpoint complex
(MCC), a potent inhibitor of the APC/C. Recent studies have
demonstrated that Mps1-dependent recruitment of Bub3:Bub1
to kinetochores is conserved in human cells, although this re-
quires additional multi-site phosphorylation of an expanded
MELT motif in KNL1 (Vleugel et al., 2015b). Additionally, Bub1
makes further contacts via the TPR domain with KI motifs in
the amino terminus of KNL1, which enhances association of
Bub3:Bub1 to MELT motifs (Kiyomitsu et al., 2007; Krenn
et al., 2014). Importantly, ectopic recruitment of Mad1 to kineto-
chores, in cells that have initiated anaphase, rapidly reactivates
the checkpoint, indicating that recruitment of the Mad1:Mad2
complex to kinetochores is a critical event in generation of the
SAC signal (Maldonado and Kapoor, 2011). Despite this,
Mps1-dependent association of Bub1 to Mad1 has yet to be
demonstrated in human cells, although Mad1 makes phosphor-
ylation-independent contacts with the catalytic domain of Bub1
in other species (Moyle et al., 2014).
In metazoans, the Rod:Zw10:Zwilch (RZZ) complex has also
been implicated in stable binding of Mad1:Mad2 complex to ki-
netochores (Buffin et al., 2005; Kops et al., 2005). Experiments in
C. elegans suggest that Mad1 recruitment may be mediated by
Spindly, a protein that requires the RZZ complex for kinetochore
binding (Yamamoto et al., 2008). RZZ/Spindly recruits dynein:
dynactin to kinetochores (Starr et al., 1998), which plays an
important function in silencing the SAC by ‘‘stripping’’ the
Mad1:Mad2 catalytic scaffold from kinetochores (Sivaram
et al., 2009; Mische et al., 2008; Wojcik et al., 2001; Howell
et al., 2001). Recruitment of the RZZ complex to the kinetochoreier Inc.
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involves an interaction with Zwint-1 (Starr et al., 2000), which
forms a stable complex with KNL1 (Kops et al., 2005; Cheese-
man et al., 2004). In HeLa cells recruitment of RZZ to the kineto-
chore requires the KNL1:Zwint-1 complex (Varma et al., 2013),
supporting a model by which RZZ and KBB operate in the
same pathway to recruit Mad1-Mad2 to kinetochores. A key pre-
diction of this model is that depletion of KNL1 in human cells
should disable the SAC by preventing the recruitment of
Bub1:Bub3 and RZZ and thusMad1 andMad2. However, recent
experiments using small interfering RNA (siRNA)-mediated
depletion of KNL1 in human HeLa cells show that the SAC only
fails to activate whenMps1 kinase is also inhibited with reversine
(Vleugel et al., 2013, 2015b; Krenn et al., 2014). Conversely, it has
been suggested that KNL1 depletion causes a mitotic delay with
only aminor population rapidly progressing to anaphase (Vleugel
et al., 2013; Zhang et al., 2014) or with the majority of cells pro-
gressing rapidly into anaphase (Kiyomitsu et al., 2007). Thus, in
human cells, the precise role of the KBB and RZZ complexes
in generation of the SAC signal remains unclear.
RESULTS
KNL1 Is Required for SAC Signaling during a Normal
Mitosis
Investigation of human KNL1 function has so far been restricted
to HeLa cells, which are transformed and have an aneuploid
genome (Landry et al., 2013). We were therefore keen to also
investigate the role ofKNL1 in theSAC innon-transformeddiploid
cells. To do this we used an siRNA oligonucleotide (siKNL1;
Cheeseman et al., 2008) to depleteKNL1 in immortalized (hTERT)
human retinal pigment epithelial cells (RPE1; Figure 1) or HeLa
Kyoto (K) cells (Figure S1). With both cell lines, we found that a
48-hr treatment with siKNL1 decreased the protein levels to un-
detectable levels by immunoblotting and reduced the average
kinetochore-bound level of KNL1, Bub1, and Mad2 in prometa-
phase cells by >90% as measured by quantitative immunofluo-
rescence (Figures 1A and S1A). To rule out any off-target effect,
we confirmed that Bub1 is restored to the kinetochore following
transfection with a full-length eGFP-KNL1 transgene. To avoid
any interference from the attachment state of the kinetochore,
these experiments were carried out in the presence of nocoda-
zole. In RPE1 cells, Bub1 levels at kinetochores returned to
68% of normal levels (compared to 9% after KNL1 depletion;
Figure 1B) and to 81% in HeLa cells (comparing to 7% after
KNL1depletion; Figure S1B).Wealso confirmed that kinetochoreFigure 1. KNL1 Is Necessary for SAC Activity in RPE1 Cells
(A) Immunoblots of whole-cell lysates from RPE1 cells transfected with siCtrl or s
cross-reacting proteins). Representative images of prometaphase RPE1 cells tr
antibodies. Quantification of kinetochore-bound KNL1, Bub1, and Mad2 signals
median value; p value from a Student’s t test).
(B) Representative images of RPE1 cells treated with siCtrl or siKNL1 and transfe
antisera. Quantification of Bub1 kinetochore signal relative to Crest intensity (n =
Student’s t test).
(C) Representative stills from a live-cell video of Histone2B-RFP RPE1 cells tre
arrowhead lagging chromosome/chromatid. Time in min:s.
(D) Quantification of the time of chromosome congression (NEB to metaphase [no
Histone2B-RFP RPE1 cells treated with siCtrl or siKNL1 (siCtrl n = 3, 400 cells; s
(E) Quantification of the level of chromosome congression in RPE1 cells (in percen
during 2 hr (adding taxol the last 30 min; n = 3, 30 cells). Scale bars as indicated
602 Developmental Cell 35, 600–613, December 7, 2015 ª2015 Elsevlevels of Ndc80 were only slightly affected by depletion of KNL1,
indicating that kinetochores remain intact (FiguresS3CandS3D).
We next filmed siKNL1- and siCtrl-treated cells and used
Histone2B-RFP to monitor the efficiency of chromosome con-
gression (nuclear envelope break down [NEB] to metaphase)
and the duration of mitosis (NEB to anaphase onset; Figures
1C and 1D). Depletion of KNL1 in RPE1 cells impaired chromo-
some congression, with only 61% of cells able to form a meta-
phase plate within 60 min (Figure 1D; compare Movie S1 to
Movie S2). This congression defect was much more severe in
HeLa cells, where only 5% of cells were able to align chromo-
somes by 60 min (solid green line, Figure S1D; compare Movie
S3 to Movie S4). Moreover, in RPE1 cells, there were often
only one to three chromosomes that failed to align, whereasmul-
tiple unaligned chromosomes were present in HeLa cells (Fig-
ures 1C and S1C, arrow). In both cell types, transfection with
full-length eGFP-KNL1 rescued the congression defects associ-
ated with depletion of KNL1 (Figures 1E and S1E). The pheno-
typic differences between RPE1 and HeLa cells cannot be
attributed to a difference in the penetrance of our siRNA,
because depletion of KNL1 was in fact slightly better in RPE1
cells (96%) than in HeLa cells (90%) (Figures 1A and S1A).
Importantly, despite the presence of unaligned chromosomes,
we observed no mitotic delay in KNL1-depleted RPE1 cells, with
anaphase initiating 24 ± 13 min after NEB compared to 24 ±
9 min (median ± SD) in control cells (Figure 1D). As a result,
100% of RPE1 cells had initiated anaphase 60 min after NEB
even though 39% of the population had failed to align their chro-
mosomes. A further 9% of the cells underwent an anaphase in
which a lagging chromosome was visible between the sepa-
rating DNA masses (Figure 1C, arrowhead). The same result
was observed in HeLa cells, although the effect was even
more pronounced given the severity of the congression defect;
80% of cells initiated anaphase by 60 min (post-NEB), with
95% of the population failing to align all chromosomes (Figures
S1C and 1D). We confirmed this result using a second siRNA
oligonucleotide that targets KNL1 (Figure S1D). Together, these
data show that depletion of KNL1 in both HeLa and RPE1 cells
causes a defect in SAC function in that anaphase is initiated
even in the presence of misaligned chromosomes. This is
consistent with the reduction of Mad2 on kinetochores to almost
background levels in both RPE1 (average signal [±SD] = 11% ±
32%, compared to 100% ± 128% in siCtrl-treated cells, Fig-
ure 1A) and HeLa cells (average signal = 29% ± 91%,
compared to 100% ± 91% in siCtrl-treated cells; Figure S1A).iKNL1 and probed with antibodies as indicated (asterisks indicate nonspecific
eated with siCtrl or siKNL1 and stained with DAPI, Crest antisera, and KNL1
relative to Crest intensity (n = 3, 300 kinetochores; data normalized to siCtrl
cted with eGFP or eGFP-KNL1 stained with DAPI, Bub1 antibodies, and Crest
3, 300 kinetochores; data normalized to siCtrl average value; p value from a
ated with the siCtrl or siKNL1. Arrows indicate unaligned chromosomes and
unaligned chromosomes]) and total time in mitosis (NEB to anaphase onset) in
iKNL1 n = 5, 408 cells).
tage) of siCtrl, siKNL1, and siKNL1+eGFP-KNL1 RPE1 cells arrested in MG132
.
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Figure 2. KNL1 Is Not Required for SAC Activation following Treatment with Nocodazole or Monastrol
(A) Schematic illustrating the protocol followed for live-cell imaging following treatment with drugs and siRNAs.
(B) Quantification of the time spent in mitosis (from NEB to anaphase onset or mitotic exit (chromosome decondensation, red dots) during the recording of
Histone2B-RFP RPE1 siCtrl, siKNL1, or siMad2 cells treated with 100 nM nocodazole. Cells that entered mitosis (NEB) and were still in mitosis at the end of
the video are given a time and marked with a black dot. Each dot represents a cell, and the box and whisker represents all the cells (from minimum to maximum).
(legend continued on next page)
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Thus, KNL1 is required in both RPE1 and HeLa cells to mount an
SAC response to misaligned chromosomes.
Unattached Kinetochores Can Activate the SAC in the
Absence of KNL1
In a minority of movies of Histone2B-RFP in KNL1-depleted
RPE1 cells, we observed one chromosome located outside of
the main spindle structure and a delay in anaphase onset. This
raised the possibility that under some circumstances, the SAC
could be activated even in the absence of KNL1 and Bub1. To
investigate this possibility, we generated multiple detached ki-
netochores by treating the cells with nocodazole. Following
siRNA (siCtrl or siKNL1) for 48 hr, Histone2B-RFPRPE1 (Figure 2)
or Histone2B-eGFP RFP-a-tubulin HeLa (Figure S2A) cells were
treated with 100 nM or 330 nM nocodazole for 2 hr before filming
for a further 12 hr (Figure 2A). The former concentration leaves a
disabled spindle, while the latter either eliminates the spindle
altogether or leaves small asters (Figure 2C). In both control
HeLa and RPE1 cells, treatment with nocodazole (either concen-
tration) led to activation of the SAC and a prolonged arrest in
mitosis (median time = 473.6 min in RPE1 and 371.8 min in
HeLa cells) (Figures 2B and S2A). Note that these times are an
underestimate, because many cells were still arrested at the
end of our movies (black data points in Figure 1A; red data points
are cells that exited mitosis during the movie). Because the SAC
is active, we can rule out off-targets of the KNL1 siRNAs in the
expression of checkpoint proteins (Figure 1). By comparison,
depletion of Mad2 in RPE1 cells resulted in cells exiting mitosis
in 18 min (median) consistent with a failure in SAC activation
(depletion levels in Figure S4A). Surprisingly, we found that noco-
dazole was able to impose a mitotic delay in KNL1-depleted
RPE1 cells (median = 516.2 min; Figure 2B) equivalent to that
observed in control cells. To confirm this result cells were treated
with monastrol, which blocks centrosome separation in pro-
phase, leading tomonopolar spindles (Kapoor et al., 2000). Mon-
astrol is likely to generate unattached kinetochores following the
Aurora-B-dependent error correction of syntelic attachments
that form around the monopole (Lampson et al., 2004). We found
that monastrol imposed a profound mitotic delay in KNL1-
depleted, but not Mad2-depleted, RPE1 cells (Figure 2D).
Notably, in HeLa cells, the duration of the arrest in response to
nocodazole was reduced to 149.6 min when KNL1 was depleted
compared to 371.8 min in control cells (Figure S2A; see Discus-
sion for explanation). Nevertheless, this suggests that KNL1 is
not strictly required to activate the SAC in response to unat-
tached kinetochores in either RPE1 or HeLa cells.
Mad2 Loading to Multiple Unattached Kinetochores Is
Independent of KNL1
The linear model of SAC activation, derived from studies in yeast,
dictates that kinetochore association of both Bub1 and Mad2‘‘N’’ is the total amount of cells and in brackets those that exited from mitosis
Histone2B-RFP RPE1 cells treated with siCtrl (arrested in mitosis), siKNL1 (arres
(C) z-projection of representative images of RPE1 cells stained for DAPI, a-tubu
330 nM nocodazole. Note that aster-like structures are present at 100 nM, while 3
remnants.
(D) Quantification (as described in B) of the time spent in mitosis following treatm
RPE1 cells treated with siCtrl (arrested in mitosis), siKNL1 (arrest in mitosis), and
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depleted RPE1 and HeLa cells progressing through an otherwise
unperturbed mitosis (Figures 1 and S1). To investigate whether
this holds true when kinetochores are unattached, we measured
the levels of Mad2 in prometaphase and after nocodazole treat-
ment using quantitative immunofluorescence in the Venus-Mad2
knockin RPE1 cell line (Figures 3A and 3B; Collin et al., 2013) and
using antibodies in HeLa cells (Figure S2B). In both cell types, the
addition of 330 nM nocodazole resulted in the loading of Mad2
onto kinetochores to approximately half the intensity in control
cells when KNL1 was depleted, even though Bub1 remained ab-
sent. To rule out off-target effects, we confirmed this result using
two alternative siRNAs directed at KNL1 (Figures S2C and S2D).
To rule out the possibility that a residual (but undetectable) pool
of Bub1 bound to unattached kinetochores may be responsible
for the loading of Mad2 in the absence of KNL1, we carried out
single and double depletions of Bub1 and KNL1 (Figures S3A
and S3B) following treatment with nocodazole and MG132 for
4 hr (to avoid cells exiting mitosis following Bub1 depletion).
Importantly, the levels of Mad2 at kinetochores were not
reduced further in the double siBub1+siKNL1 compared to
siBub1 or siKNL1. This strongly suggests that Mad2 can be re-
cruited to unattached kinetochores independently of both
KNL1 and Bub1.
We reasoned that if there was more than one receptor for
Mad2 on human kinetochores, the kinetics of Mad2 binding
should be different in untreated and KNL1-depleted cells,
namely the on/off rate of Mad1/Mad2 at each site should be
distinct. To test this, we carried out fluorescence recovery after
photobleaching (FRAP) experiments (Figures 3C and 3D). The re-
covery of the Venus-Mad2 signal in siCtrl was biphasic and best
fit a double exponential, revealing Mad2 populations with a T1/2
of 0.8 s and 16.2 s (x2 = 0.18 compared to 0.23 for a single expo-
nential fit; Figure 3D). This second, more stable population is
similar to that reported in PtK2 cells (Howell et al., 2000). In
contrast, following depletion of KNL1, the recovery could be
fitted to a single-exponential with a T1/2 of 11.4 s (x
2 = 0.16; Fig-
ure 3D). This is consistent with the notion that one kinetochore
receptor for Mad2 (KBB) has been eliminated. Taken together,
our experiments reveal that a second kinetochore receptor is
responsible for association of Mad2 to unattached kinetochores
in the absence of the KBB pathway and that this generates suf-
ficient MCC to maintain a mitotic arrest.
Single Unattached Kinetochores Recruit Mad2 in
Absence of KNL1
We next asked whether a single unattached kinetochore within
an otherwise normal bipolar spindle is both able to recruit
Mad2 and to delay anaphase onset independently of KNL1. Ger-
lich and colleagues recently showed that single chromosomes
detached from the mitotic spindle either by laser microsurgery,(p value from a Student’s t test). Representative stills from live cell videos of
ted in mitosis), and siMad2 (exited from mitosis). Time in min:s.
lin antibodies and Crest antisera following treatment for 14 hr with 100 nM or
30 nM removes the spindle, leaving some kinetochores with short microtubule
ent with 100 mM monastrol. Stills of representative movies of Histone2B-RFP
siMad2 (exit from mitosis). Time in min:s. Scale bars as indicated.
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Figure 3. KNL1-Independent Recruitment of Mad2 to Unattached Kinetochores
(A) Representative images of Venus-Mad2 RPE1 cells treated with siCtrl or siKNL1 and 330 nM nocodazole (14 hr) and stained with Bub1 antibodies and DAPI.
(B) Quantification of the levels of Venus-Mad2 at kinetochores of siCtrl or siKNL1 RPE1 cells treated for 14 hr with 330 nM nocodazole (n = 3, 300 kinetochores;
data normalized to siCtrl average value; p value from a Student’s t test).
(C) Representative stills for a FRAP experiment in Venus-Mad2 RPE1 cells arrested with nocodazole showing the recovery after bleaching a kinetochore.
(D) Average FRAP traces for cells treated with siCtrl and siKNL1 and arrested in nocodazole; graphs shows the mean ± SEM. fluorescence. Lines represent the
best-fitting curves (n = 3, 26 cells).or treatment of cells with low doses of nocodazole, impose a
mitotic delay (Dick and Gerlich, 2013). We found that addition
of 5 nM nocodazole gave rise to a few (up to three) polar chromo-
somes in RPE1 cells. Since it is not possible to assess whetherDevelopmkinetochores positioned within the spindle are truly unattached
(due to the high density of microtubules), wemade a comparison
of those that were located outside of the main body of the
spindle (from here on termed ‘‘polar’’) and all prometaphaseental Cell 35, 600–613, December 7, 2015 ª2015 Elsevier Inc. 605
kinetochores (Figure 4A). Our assumption is that kinetochores in
the polar population will have a much higher probability of being
unattached compared to kinetochores in prometaphase. We
found that polar chromosomes in KNL1-depleted cells can
load Mad2 (Figure 4B). However, kinetochore-bound Mad2
levels are approximately one-half that measured on prometa-
phase kinetochores and 7-fold lower than polar chromosomes
from control cells (Figure 4B). These levels are an underestimate,
since some polar chromosomes are negative for Mad2 (see
white arrow and asterisk in Figure 4C), presumably because
they are attached. Taken together, these data show that the
KBB pathway contributes to the accumulation of Mad2 on unat-
tached kinetochores, but it is not essential for this process.
To examine whether polar, Mad2-positive kinetochores in
KNL1-depleted RPE1 cells delay anaphase onset, we filmed
Histone2B-RFP cells for 12 hr following a 2-hr treatment with
5 nM nocodazole and compared the time from NEB to anaphase
onset in thewhole population to those cells in which a polar chro-
mosome could be observed. We find that addition of 5 nM noco-
dazole caused a mitotic delay of 18 min compared to control
cells (Figure 4E; Movie S5) and that depletion of KNL1 led to
an acceleration of mitosis (median time = 36 min; dotted red
line, compared to 42 min in control cells; dotted black line).
Timing was not, however, restored to that measured in untreated
controls (solid red and black lines). This is consistent with the
idea that KNL1 depletion causes a SAC defect in cells with un-
aligned, but not unattached, kinetochores. To confirm this, we
analyzed the subpopulation of cells containing a polar chromo-
some. Crucially, these cells were delayed (median time =
48 min; Figure 4E, dotted gold line; Movie S6) compared to the
total population of KNL1-depleted cells (30 min; Figure 4E,
dotted red line). As expected, the population of KNL1-depleted
cells without polar chromosomes transited mitosis faster than
the whole population (Figure 4E, compare the solid gold line
with the dotted red line; Movie S7). This result demonstrates
that a few kinetochores or perhaps even a single unattached
kinetochore is capable of delaying anaphase onset in RPE1 cells,
even in the absence of the KBB pathway.
The RZZ ComplexMediates a KNL1-Independent Arm of
the SAC
These results indicate that human kinetochores may have a
mechanism to load Mad2 to unattached kinetochores that is in-
dependent of KNL1, Bub1, and Bub3. One candidate for this is
the RZZ complex, which has been implicated in binding to
Mad1 (Buffin et al., 2005; Kops et al., 2005) but is absent from
yeast. However, previous experiments in HeLa cells indicate
that loading of RZZ to kinetochores is dependent on association
to Zwint-1, which binds the kinetochore via KNL1 (Kops et al.,
2005; Varma et al., 2013). Consistently, we found that depletion
of KNL1 reduced Zwilch levels by 88% in HeLa cells (Figure S5).
To reassess this in untransformed diploid cells, wemeasured the
levels of RZZ on kinetochores following the depletion of KNL1 in
RPE1 cells (Figure 5). As expected, in siKNL1-treated cells, both
Bub1 and Zwint-1 (same kinetochores) were reduced in both
prometaphase (by 97% and 99%, respectively) and nocoda-
zole-treated cells (by 90% and 99%, respectively; Figure 5).
Surprisingly, however, we found that the levels of kinetochore-
bound Zwilch were reduced by only 50% in prometaphase and606 Developmental Cell 35, 600–613, December 7, 2015 ª2015 Elsevby only 25% in nocodazole-treated RPE1 cells (Figure 5). Note
that Bub1 was depleted on these Zwilch-bound kinetochores,
ruling out differences in levels of KNL1 depletion. Importantly,
co-depletion of Bub1 and KNL1 did not further reduce Zwilch
levels compared to the single depletions (Figures S4B and
S4C), indicating that RZZ is able to bind to kinetochores in the
absence of the KBB pathway, albeit less efficiently in HeLa cells.
These experiments raise the possibility that the RZZ complex
may be responsible for recruitment of Mad1:Mad2 to kineto-
chores independently of KNL1. To test this idea in RPE1 cells,
we quantified the levels of Venus-Mad2 on kinetochores in the
presence of nocodazole and compared single depletions of
KNL1 or Rod with the double depletion. Importantly, siRod
reduced Zwilch levels on kinetochores by 80% (Figure S6A).
Both Rod and KNL1 single depletions reduced the amount of
kinetochore-bound Mad2 by 32% and 55% in nocodazole,
respectively, whereas the double depletion had an additive ef-
fect reducing Mad2 levels by 77% (Figures 6A and 6B). We con-
ducted a similar experiment in HeLa cells, using a Zw10 siRNA to
deplete the RZZ complex (see Kops et al., 2005) and again found
that double depletion of Zw10 and KNL1 reduced Mad2 binding
compared to either of the single depletions (Figures S6D and
S6E). To assess whether RZZ-dependent, but KBB-indepen-
dent, recruitment of Mad1:Mad2 is functionally important, we
measured the mitotic timing in single and double siRNA treat-
ments (Figures 6C and 6D). Notably, we found that in Rod-
depleted cells, the SAC could still be activated in the presence
of nocodazole and cells arrested for a median time of 411 min
(Figure 6D). This is a shorter duration than in control and
KNL1-depleted cells (median = 516 min), confirming a role for
the RZZ complex in SAC activation. Strikingly, co-depletion of
both KNL1 and Rod dramatically reduced the average time
from NEB to anaphase onset to only 96 min (median) in the
presence of nocodazole (Figure 6D; Movie S8), demonstrating
that the association of Mad1:Mad2 to both KBB and RZZ is
necessary to maintain a robust SAC response in human diploid
RPE1 cells.
DISCUSSION
In this paper, we demonstrate that activation of the SAC from ki-
netochores in human cells does not operate solely through a
linear pathway (KNL1 > Bub3:Bub1 > Mad1:Mad2, which we
term KBB), as is the case in yeast. Instead, we show that Mad1:
Mad2 complexes can be recruited to kinetochores through a
KNL1-independent route that is sensitive to loss of the RZZ com-
plex. RZZ and KBB are therefore part of two distinct kinetochore
receptors for Mad1:Mad2 complexes at kinetochores. This is
consistent with the findings that mutation of the Bub1-binding
sequence in Mad1 only reduces Mad1 binding to kinetochores
by half (Kim et al., 2012), that the SAC remains partially active
when Bub1 is prevented from binding kinetochores via KNL1
(Klebig et al., 2009), and that Bub1 is not absolutely required
for Mad1 binding to unattached kinetochores (Vleugel et al,
2015a). The precise physical interactions are, however, unclear.
While budding yeast Bub1 can directly bind Mad1, neither a cor-
responding interaction in human cells nor interactions among
Mad1 and RZZ/Spindly/Dynein have yet been identified. Co-
immunoprecipitation of Spindly with Mad1 inC. elegans extractsier Inc.
CD E
B
A
Figure 4. Unattached Kinetochores Can Activate the SAC in KNL1-Depleted Cells
(A) Schematic representation of a cell in prometaphase and after treatment with 5 nM nocodazole to generate low numbers of unattached kinetochores.
Kinetochores in red (SAC on) or green (SAC off).
(legend continued on next page)
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provides a possible starting point for such investigations (Yama-
moto et al., 2008). Based on our current knowledge of the KBB
and RZZ complexes, we put forward an updated model for
how the SAC is activated in human cells (see schematic in Fig-
ure 7C). We suggest that capture of unattached kinetochores
by spindle microtubules permits dynein to strip Mad1:Mad2
complexes bound to RZZ from kinetochores but, crucially, not
Mad1:Mad2 complex bound to KBB. Since KNL1 is required to
load Mad2 onto the kinetochores of, and delay anaphase onset
in response to, bi-oriented, misaligned chromosomes in other-
wise unperturbed RPE1 cells, Mad1:Mad2 complexes bound
to KBB may only be removed when chromosomes are fully bi-
oriented and aligned at the metaphase plate. The nature of the
kinetochore-microtubule attachment defect(s) that activate the
KBB arm of the SAC remains unclear. We speculate this relates
to the levels of microtubule occupancy (see Figure 7C), but
further work is needed to clarify this issue.
Similar mitotic delays in response to nocodazole treatment
have been reported for KNL1-depleted HeLa cells to that we
report in this study (Vleugel et al., 2013, 2015b; Krenn et al.,
2014). The authors previously attributed the failure of KNL1
depletion to completely abolish the SAC to reflect either a low
penetrance of the siRNA or a nonessential role for KNL1 in the
SAC. We show the latter is true, probably because microtubules
are required for dynein-dependent stripping of Mad1:Mad2
complexes bound to RZZ. However, the KBB pathway is
required to mount a checkpoint response when chromosomes
are attached but fail to align at the metaphase plate. Depletion
of KNL1 leads to the appearance of lagging sister chromatids
in anaphase, because KNL1 is required not only for proper chro-
mosomal alignment but also to transmit a defect in chromosome
alignment to the SAC (via recruitment of Bub1 and Bub3). Curi-
ously, in order to examine the role of MELT motifs in KNL1 in
SAC activation, researchers used sub-maximal doses of rever-
sine, an inhibitor of Mps1 kinase, to partially inhibit the SAC in
the presence of nocodazole (Vleugel et al., 2013, 2015b; Krenn
et al., 2014). This is confusing, as Mps1 kinase is required not
only for SAC signaling, through phosphorylation of multiple
checkpoint proteins includingMad1 andBub1, but also for phos-
phorylation of MELT motifs in KNL1 (the very substrate under
study). Our findings that KBB and RZZ provide two distinct re-
ceptors for the recruitment of Mad1:Mad2 to kinetochores
necessitate a reassessment of how occupancy of MELT motif
arrays by Bub3:Bub1 modulates the checkpoint response.
The model presented here (Figure 7C) is based on our experi-
ments in diploid RPE1 cells. Importantly, both our own and previ-
ous work with HeLa cells is in complete agreement with this
model; namely, KNL1 is important for SAC activation in prometa-(B) Quantification of the levels of Venus-Mad2 in siCtrl and siKNL1 cells at kine
kinetochores, siKNL1 n = 2, 140 kinetochores, data normalized to siCtrl prometa
siKNL1 in prometaphase are taken from Figure 3E for comparison.
(C) Representative images of Venus-Mad2 RPE1 cells treated with siCtrl or siKN
(arrows indicated unaligned chromosomes, and asterisks indicate polar chromos
(D) Representative stills from live cell videos of Histone2B-RFP siCtrl and siKNL1
polar chromosomes and yellow arrowheads lagging chromosomes/chromatids).
(E) Quantification of the time of the total time inmitosis (NEB to anaphase onset) in
n = 3, 147 cells; siKNL1 n = 3, 235 cells). Data for untreated siCtrl and siKNL1 RP
timing for KNL1-depleted cells (red dotted line) compared to the subpopulation o
chromosomes (solid gold line; n = 149 cells). Scale bars as indicated.
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note, however, a number of key differences between RPE1 and
HeLa cells. First, microtubule-kinetochore attachments are
much more sensitive to loss of KNL1 in HeLa cells compared to
RPE1 cells. We suspect that this reflects differences in chromo-
some number (ploidy) or perhaps difference in the kinetochore
itself. Second, the RZZ complex can load onto kinetochores in
nocodazole-treated RPE1 cells in the absence of KNL1 or
Zwint-1. By contrast, the levels of Rod are dramatically reduced
following depletion of KNL1 in HeLa cells, although the large
signal variance indicates that some kinetochores do still load
Mad2 (Varma et al., 2013; Figure S5). We suspect that KNL1-
depleted HeLa cells arrest for less time than control cells in the
presence of nocodazole because less RZZ binds to the kineto-
chore in the absence of KNL1. This may be because Bub1 helps
to stabilize binding of RZZ to kinetochores in HeLa cells (Zhang
et al., 2015). Regardless, these data suggest that the RZZ com-
plexmustmakeadditional physical contactswith the kinetochore
(question mark in Figure 7) in addition to KNL1, Zwint-1, and
Bub1.Notably, flies lack a recognizable Zwint-1 homolog (Famul-
ski et al., 2008), mutations in human Zw10 that cannot bind
Zwint-1 still load onto kinetochores (Famulski et al., 2008), and
mutationofC. elegansZwint-1 (KBP-5) doesnot affectRZZkinet-
ochore binding (Varma et al., 2013). The identity of alternative
RZZ binding site(s) at kinetochores is of significant interest.
In summary, our results suggest crucial differences in how the
checkpoint activationmechanism is set up in different organisms
and between human cell types. The emerging view is that the
SAC activation mechanism in yeast relies solely on the KBB
arm, perhaps reflecting fewer microtubule binding sites per
kinetochore (one in budding yeast and two to four in fission
yeast) or that close proximity of spindle poles to centromeres
in yeast negates the need for a protracted period of microtubule
search and capture of kinetochores during mitosis. Flies on the
other hand appear to rely on the RZZ arm, as the reduction of
KNL1 level does not cause a SAC defect in mutant embryos
(Schittenhelm et al., 2009). Non-transformed diploid human cells
utilize both arms to signal different aspects of microtubule-kinet-
ochore attachment. Whether the variances between RPE1 and
HeLa cells in terms of SAC activation and maintenance reflect
the malignant origin and aneuploid nature of cancer cells will
be an important matter for further study.EXPERIMENTAL PROCEDURES
Molecular Biology and Plasmid/siRNA Transfections
The eGFP-KNL1 construct was kindly provided by I. Cheeseman. The deletion
of amino acids 964–1,175 in this construct was corrected using a synthesizedtochores in prometaphase and after 5 nM nocodazole arrest (siCtrl n = 2, 65
phase average value; p value from a Student’s t test). Note data for siCtrl and
L1 and after 14 hr of 5 nM nocodazole staining for a-tubulin, Crest, and DAPI
omes).
RPE1 cells (white arrows indicated unaligned chromosomes; asterisks indicate
Time in min:s.
Histone2B-RFP RPE1 treated with siCtrl or siKNL1 and 5 nM nocodazole (siCtrl
E1 cells from Figure 1 are shown for comparison (solid red/black lines). Mitotic
f cells with polar chromosome (gold dotted line; n = 86 cells) or without polar
ier Inc.
AB
Figure 5. KNL1 Is Dispensable for Recruitment of the RZZ Complex to Kinetochores in RPE1 Cells
(A) Representatives images of RPE1 cells treated with siCtrl and siKNL1 in prometaphase and after 14 hr of 330 nM nocodazole treatment and stained with
Zwint-1 or Zwilch antibodies, Bub1 antibodies, Crest antisera, and DAPI. Scale bars as indicated.
(B) Quantification of the kinetochore-bound Zwint-1 and Zwilch relative to Crest in siCtrl and siKNL1 RPE1 cells in prometaphase or after a 14 hr treatment with
330 nM nocodazole. Bub1 relative to Crest quantification was used as an internal control and was measure on the same kinetochores (n = 2, 200 kinetochores;
data normalized to siCtrl average value in each condition; p value from a Student’s t test).DNA fragment (GeneArt; Life Technologies) inserted between the EcoRV and
BbvCI sites in KNL1, thus creating plasmid pMC359. This wild-type eGFP-
KNL1 construct was confirmed by DNA sequencing (Source Bioscience) and
transfected into cells using FuGene (Promega) according to the manufac-Developmturer’s instructions. The siRNA oligonucleotides (60 nM) siControl (Samora
et al., 2011), siKNL1 (50-GGAAUCCAAUGCUUUGAGA-30; Cheeseman et al.,
2008), siKNL1 stealth (50-AAGAUCUGAUUAAGGAUCCACGAAA-30, Invitro-
gen; Kiyomitsu et al., 2007; Yamagishi et al., 2012; Varma et al., 2013; Caldasental Cell 35, 600–613, December 7, 2015 ª2015 Elsevier Inc. 609
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Figure 7. Working Model for SAC Activation
by Distinct KNL1- and RZZ-Dependent
Mechanisms
(A) Properly bi-oriented chromosomes (mature
attachments) in which the SAC is off (upper panel).
Bub1 and Bub3 are removed from KNL1 by the
action of PP1 bound to the N terminus of KNL1.
Mad1:Mad2 associated with RZZ/Spindly is
stripped from kinetochores by dynein. RZZ/
Spindly may also be removed from kinetochores
by this same mechanism. Depletion of KNL1
(lower panel) showing that RZZ can still efficiently
bind kinetochores in RPE1 cells (in contrast to
HeLa cells; see Figure S5). In the absence of
KNL1, Mad1:Mad2 is still stripped off kineto-
chores by dynein, and so the SAC cannot be
engaged.
(B) When kinetochores become fully unattached
(perhaps zero microtubules engaged with kineto-
chore), dynein-dependent stripping is prevented
and Mad1:Mad2 can accumulate on RZZ/Spindly,
leading to SAC activation (upper panel). Loss of
KNL1 (lower panel) does not affect this RZZ
mechanism, so the SAC is engaged even though
KNL1 and Bubs are missing from the kinetochore.
(C) When kinetochores form immature bi-oriented
attachments (one to a few microtubules end-on
attached), we propose that theMad1:Mad2 bound
to an RZZ/Spindly-dependent receptor is stripped
from the kinetochore. Kinetochores are now reliant
on Mad1:Mad2 complexes bound to KBB to delay
anaphase onset. Thus, depletion of KNL1 (lower
panel) leads to a dysfunctional SAC in cells with
immature bi-orientated kinetochore attachments.
Note that depletion of KNL1 likely causes an in-
crease in such attachment problems, because
Bub1 kinase is required to recruit a pool of Aurora
B to centromeric DNA (Caldas et al., 2013). B1,
Bub1; B3, Bub3; S, Spindly; MT, microtubule; ‘‘?,’’
unidentified RZZ targeting factor.et al., 2013), siKNL1 n.3 (50-GCAUGUAUCUCUUAAGGAA-30; Vleugel et al.,
2013, 2015b), siMad2 (Martin-Lluesma et al., 2002; Meraldi et al., 2004), siBub1
(Klebig et al., 2009), siZw10 (Kops et al., 2005), and siRod (Invitrogen Stealth
HSS114610) were transfected using oligofectamine (Invitrogen) according to
the manufacturer’s instructions and analyzed 48 hr after transfection. For the
siRNA rescueexperiments, cellswere seededand then transfected the following
day with siKNL1 or siControl and, 8 hr later, transfected with pMC359 (1 mg).
34 hr later, cells were treated with nocodazole (330nM) for 14 hr and fixed. For
double siRNA depletions, 60 nM of each oligonucleotide was used (total
120 nM). For control experiments, 120 nM of siControl was used; the mitotic
timing was unchanged between 60- and 120-nM concentrations of siControl.Figure 6. RZZ and KNL1 Make Distinct Contributions to Mad2 Recruit
(A) Representatives images of Venus-Mad2 RPE1 cells treated with siCtrl, siKNL1
stained with Bub1 antibodies, Crest antisera a DAPI. Scale bars as indicated.
(B) Quantification of levels of Venus-Mad2 at kinetochores in siCtrl, siKNL1, s
nocodazole. Bub1 relative to Crest quantification was used as an internal contr
normalized to siCtrl average value; p value from a Student’s t test).
(C) Representative stills from movies of Histone2B-RFP cells treated with siRod
represented: arrested cell and mitotic exit cell during the recording. Time in min:
(D) Quantification of the time spent inmitosis (NEB to arrest, black dots) or the time
cells treated with siCtrl, siKNL1, and siMad2 (from Figure 2) and siRod and siKNL
and the box and whisker represents all the cells (from minimum to maximum). ‘
(p value from a Student’s t test).
DevelopmImmunoblotting
Whole-cell lysates were prepared by a liquid grading method as described
previously (McClelland and McAinsh, 2009) and H100 buffer (50 mM HEPES
7.9, 1 mM EDTA, 100 mM KCl, 1 mM MgCl2, and 10% glycerol) comple-
mented with a protease inhibitor cocktail (Roche). Extracts were clarified by
centrifugation at 14,000 rpm at 4C for 30 min. Protein concentration was
determined by measurement of absorbance at 280 nm. Primary antibodies
used were rabbit anti-KNL1 (1:200, Abcam) anti-Rod (2.5 mg/ml, Abcam),
and anti-a-tubulin (1:10,000, Sigma), and secondary antibodies were anti-
mouse and anti-rabbit horseradish peroxidase linked raised in donkey
(1:10,000, GE Healthcare).ment and SAC Activation
, siRod or siKNL1+siRod after treatment for 14 hr with 330 nM nocodazole and
iRod or siKNL1+siRod Venus-Mad2 RPE1 RPE1 cells after 14 hr of 330 nM
ol and was measure in the same kinetochores (n = 3, 300 kinetochores; data
or siKNL1+siRod RPE1 cells and 100 nM nocodazole. Two phenotypes were
s.
of division (NEB to exit, red dots) during the recording of Histone2B-RFP RPE1
1+siRod RPE1 incubated with 100 nM nocodazole. Each dot represents a cell,
‘N’’ is the total amount of cells and in brackets those that exited from mitosis
ental Cell 35, 600–613, December 7, 2015 ª2015 Elsevier Inc. 611
Immunofluorescence
For immunofluorescence cells were seeded on coverslips previously washed
with 70% ethanol and PBS. Cell were fixed at room temperature (RT) in
PTEM-F (20 mM PIPES, 10 mM EGTA, 1 mM MgCl2, 0.2% Triton X-100, and
4% formaldehyde) for 10 min, then permeabilized with 0.1% Triton X-100
PBS for 1 min, washed three times with PBS, and blocked with 3% BSA
PBS for 30 min. Cells were then incubated with the primary antibody diluted
in blocking solution for 1 hr at RT, washed three times with PBS, incubated
with the secondary antibody for 1 hr at RT and then mounted in Vectashield
(Vector Laboratories). Primary antibodies: rabbit anti-KNL1 (1:500; Abcam),
mouse anti-Bub1 (1:500, Abcam), rabbit-Mad2 (1:500, Covance), human
anti-Crest (1:200, Antibodies Incorporated), mouse anti-a-tubulin (1:1,000,
Sigma), and rabbit anti-Zwilch and anti-Zwint-1 (1:1,000, gifts from P. Meraldi).
Secondary antibodies were goat anti-rabbit/human/mouse conjugated to
Alexa 488 or Alexa Fluor 594 or 647 (1:500; Invitrogen). DNA was visualized
with DAPI (SIGMA).
Statistical Analysis
Statistics were performed using Prism (GraphPad Software). p values were
calculated using an unpaired two-tailed Student’s t test with a 95%confidence
level (using the Welch’s correction when variances of the two samples were
significantly different).
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